Safflower (Carthamus tinctorius L.) has received a significant amount of attention as a medicinal plant in China. Flavonoids are the dominant active medical compounds. UDP-glycosyltransferase plays an essential role in the biosynthesis and storage of flavonoids in safflower. In this study, 45 UGT unigenes were screened from our transcriptomic database of safflower. Among them, 27 UGT unigenes were predicted to own a complete open reading frame with various pI and Mw. The phylogenetic tree showed that CtUGT3 and CtUGT16 were classified under the UGT71 subfamily involved in metabolite process, whereas CtUGT25 has high identities with PoUGT both catalyzing the glycosylation of flavonoids and belonging to the UGT90 subfamily. cDNA microarray exhibited that the three UGT genes displayed temporal difference in two chemotype safflower lines. To functionally characterize UGT in safflower, CtUGT3, CtUGT16 and CtUGT25 were cloned and analyzed. Subcellular localization suggested that the three UGTs might be located in the cell cytoplasm and chloroplast. The expression pattern showed that the three UGTs were all suppressed in two lines responsive to methyl jasmonate induction. The co-expression relation of expression pattern and metabolite accumulation demonstrated that CtUGT3 and CtUGT25 were positively related to kaempferol-3-O-β-D-glucoside and CtUGT16 was positively related to quercetin-3-O-β-D-glucoside in yellow line, whereas CtUGT3 and CtUGT25 were positively related to quercetin-3-O-β-D-glucoside in white line. This study indicates that the three CtUGTs play a significant and multiple role in flavonoids biosynthesis with presenting different functional characterization in two safflower lines.
Introduction
Safflower (Carthamus tinctorius L.) is cultivated mainly for medicinal use, with its dried tubular flowers being the medicinal part and its seeds being commonly consumed as vegetable oil in many countries due to their abundant unsaturated fatty acid, oleic acid and α-linoleic acid [1] . Flavonoid compounds, quinochalcone glycosides [hydrosafflower yellow A (HSYA), carthamin, tinctorimine, cartorimin]. and flavonol glycosides (kaempferol glucosides and quercetin glucosides) are considered as the characteristic and active constituents in safflower [2] and pose a wide spectrum of biological and pharmacological effects, such as cerebrovascular and cardiovascular protective activities [3] [4] [5] .
With the boom of the large-scale transcriptomic analysis, various deep sequencing techniques were employed in plants, such as in Lonicera japonica Thunb. [6] , Lilium regale [7] and Panax ginseng [8] . The transcriptome of safflower was obtained to explore the gene family involved in the biosynthesis of flavonoids, such as phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavonone 3-hydroxylase (F3H) and flavonoid UDP-glycosyltransferase (UGT).
Many researches have demonstrated that UGT plays an essential role in the biosynthesis of secondary metabolites in plants [9] . UGT transfers nucleotide-diphosphate-activated sugars to low molecular weight (Mw) substrates. Intrinsic sugar donor in plants contains UDP-glucose, UDP-galactose, UDP-rhamnose, and UDP-glucuronic acid [10] . Sugar moieties, as part of many bioactive natural products, have significant effects on the physiological activity, selectivity, and other pharmacological properties [11, 12] . The UGT family belongs to group 1 of a larger family of glycosyltransferases that have a similar protein structure (GT-B Rossmann-fold) [10] . The present UGT homepage (http:www.flinders.edu.au/medi-cine/sites/clinical-pharmacology/ugthomepage.cfm) consists of a large list of UGT families, subfamilies and hundreds of approved UGTs, where families 71 to 100 are for plants [13] . The UGT superfamily is characterized by a common protein structure and a well-conserved sequence of 44 amino acids (called a PSPG box) responsible for binding the UDP moiety of the sugar donor [14] [15] [16] . Glycosylation is a prominent modification reaction [17] ; therefore, the glycosylation process of flavonoids in safflower is important to biosynthesize the important active flavonoid compounds.
In the past few years, studies on plant glycosyltransferase have revealed that dramatically varied glycosyltransferases are involved in plant secondary metabolism [16, 18] , such as Arabidopsis thaliana, cereals, Catharanthus roseus, rice, Crocus sativus, and Litchi chinensis [19] [20] [21] [22] [23] [24] [25] [26] . However, as an important medicinal plant with glycosylated flavonoids [27, 28] , the glycosylation process is largely unknown and rarely reported. Only one UGT (UGT73AE1) has been explored, but there is no biological view to explain the link between the gene and metabolic pathway evolution [29] . Here, we report the characterization of three UGTs through their in vitro and in vivo expression as well as their metabolite analysis response to methyl jasmonate (MeJA). These findings partly demonstrate the potential functionality of UGTs in the glycosylation of the flavonoids metabolism pathway in safflower.
Materials and Methods

Plant materials
Two lines of safflower (ZHH0119 with yellow flower line and XHH007 with white flower line; Fig 1) were grown in the greenhouse of the Second Military Medical University (Shanghai City, China). The ZHH0119 line, which has orange-yellow floret, is a major source of quinochalcones and flavonols, whereas the XHH007 line with white floret, mainly contains flavonols without quinochalcones. The plants were cultivated at a mean temperature of 25°C with circadian rhythm of 16 h-light/8 h-darkness.
Transcriptome data analysis and multiple sequence alignment of CtUGT genes To reduce gene copy variation on the transcription level, normalized cDNA libraries were constructed with the total RNA of equivalent different developmental stage flower samples. Then, safflower transcriptome sequencing was performed to find more genes involved in the biosynthetic pathway of active components. Gene annotations were predicted by BLASTx and BLASTn search homologs in the Nr and Nt database. UGTs were selected from annotated genes. The open reading frame (ORF) prediction was carried out and amino acids were deduced in ORF Finder. The theoretical isoelectric point (pI) and Mw were predicted using the Compute pI/Mw tool on the ExPASy server (http://web.expasy.org/compute_pi/). The multiple sequence alignment of the UGTs was performed using ClustalX version 2.0 [30] . Phylogenetic trees were constructed using MEGA 5.0 with the neighbor-joining method. Bootstrap test was replicated 1000 times [31] .
Agilent cDNA expression profile microarray
Using cDNA expression profile microarray, many differently expressed genes were identified. Signal values were normalized with log2. Hot map for expression signal intensity and hierarchical clustering (HCL) were conducted by MeV [32] , whereas stage I of the two lines was treated as the control group. All samples with three biological repeats were carried out.
Cloning of CtUGT full-length cDNA
Total RNA was isolated with the RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer's protocol. The 3 0 -and 5 0 -cDNA libraries of safflower were constructed using the Clontech Smart TM Rapid Amplification of cDNA Ends (RACE) cDNA amplification kit (Clontech, USA). Then, RACE was carried out. Based on the sequences of the 3 0 -and 5 0 -RACE products, the primer were designed to clone the full length of genes. Polymerase chain reaction (PCR) was performed using cDNA (TransScript1 One-Step gDNA Removal and cDNA Synthesis Super Mix; TransGen Biotech, Beijing, China) as a template and with KOD-Plus-Neo polymerase (Toyobo, Japan) under the following conditions: 30 cycles of 10 s denaturation at 94°C, 30 s annealing at 58°C, and 1 min amplification at 72°C. The PCR products were gelpurified (QIAquick1 Gel Extraction Kit; Qiagen) and cloned into the PMD19T vector (TaKaRa, Japan). Using blue-white spot screening, the recombinant plasmids were recovered from Escherichia coli DH5α cells using QIAquick1 Spin Plasmid Mini-prep kit (Qiagen) and both strands were sequenced (MeiJi, China).
Bioinformatics of three CtUGTs
The obtained full-length cDNA sequence and deduced protein were analyzed using the following websites: www.ncbi.nlm.nih.gov and www.expasy.org. The tertiary structure of CtUGT3, CtUGT16, and CtUGT25 was predicted on www.swissmodel.expasy.org. Protein subcellular localization was predicted in WoLF PSORT (advanced computational tool for protein subcellular location prediction).
Induction and quantitative real-time PCR of MeJA-treated safflower petals
MeJA (100μM; Sigma, USA) solution was sprayed onto petals of safflower that opened on the first day. The petals were then enclosed in plastic bags. In the control group, the petals were sprayed with the same solution but without MeJA and then covered with plastic bags. After 0, 3, 6, and 12 h of treatment, the plastic bags were removed, and at least three samples of flowers at four time points were collected; these samples were frozen immediately in liquid nitrogen and stored in freezers at -80°C. cDNAs were synthesized with 1 μg RNA according to the manufacturer's instructions of TransScript1 One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech). Q-PCR [33] was performed according to the instructions of the SYBR Green Realtime Master Mix kit (Toyobo) with the ABI 7500 system (ABI, USA). The specific primers used for quantification were designed using Primer 5. PCR conditions comprised an initial holding at 95°C for 3min. the cycle stage of the PCR program consists of 95°C for 10 s and 58°C for 20 s and 72°C for 35 s for 40 cycles. Standard deviations were calculated from three PCR replicates. The specificity of amplification was assessed by dissociation curve analysis, and the relative abundance of genes was determined using the comparative Ct method and normalized by that for 60S.
Metabolite analysis of MeJA treated by UPLC-QTOF/MS
Safflower petal samples were dried at 50°C to constant weight and ground into powder. Subsequently, an aliquot of 10 mg samples was soaked overnight and extracted for 40 min sonication with 60% methanol under sealed conditions. Then, the extract was filtered through a 0.20 μm microporous membrane for analysis. The metabolites were identified using Agilent Technologies 6538 UHD Accurate Mass spectrometer was performed and positive ion mode was used for the quantification. Mass acquisition range: 100-1000; gas temperature, 350°C; gas flow, 11 L/min; nebulizer, 45 psi; Vcap, 4000V; fragmentor, 120V; skimmer, 60v; octopoleRFPeaK, 750v; reference masses, m/z 121.0509 and 922.0098. 17 compounds were dealed with target compound and analyzed. 12 standard chemical compounds were purchased from Sigma-Aldrich (St. Louis, MO).
Results
Transcriptome data analysis, multiple sequence alignment, and phylogenetic analysis
In order to obtain the maximized coverage of genes, a mixed RNA sample from different stages of petals was applied to construct a cDNA library. From the annotation of safflower transcriptome, 45 unigenes coding UGTs were identified (S1 Table) . In general, plants contain a high copy number of UGT genes, among which 121 genes have been identified in A. thaliana [34] and 165 genes in Medicago truncatula [35] . Using an ORF search, 27 unigenes in safflower were predicted to have full-length cDNA sequence. And their pI and Mw are shown in Table 1 .
Their pI is from 5.5 to 7.5, but Mw varies greatly. 27 CtUGT genes were translated into proteins in S2 Table. Based on CtUGTs, AtUGTs and UGTs from other plant species (Fig 2) , the phylogenetic tree was constructed. Our results showed that CtUGT3 and CtUGT16 were classified under the UGT71 subfamily involved in metabolite process, whereas CtUGT25 has high identities with PoUGT (GenBank accession number ACB56926.1 from Pilosella officinarum) both catalyzing the glycosylation of flavonoids and belonging to the UGT90 subfamily. Given the high identities of the reported flavonoid GTs (Fig 3) in multiple sequence alignment, three CtUGT genes can be tentatively assigned as a flavonoid glycosyltransferase in C. tinctorius. Therefore, to functionally characterize UGT in safflower, CtUGT3, CtUGT16, and CtUGT25 were cloned and analyzed.
cDNA microarray expression analysis
From microarray data, differential genes were determined (p0.05) by comparing two groups in yellow and white lines respectively. Because flags were 3A (not obvious between signal and background) found in microarray data, two UGTs (UGT17 and UGT22) were removed. Hot map revealed that 25 UGTs have different expression at different stages of yellow and white lines. The colour key is from -0.5 to 0.5. Obviously, the expression values of all 25 UGTs present different expression models at different developmental stages of yellow and white line (Fig 4) . Both up-regulation genes from two lines contained 11 UGT genes (CtUGT5, CtUGT7, CtUGT12, CtUGT14, CtUGT15, CtUGT19, CtUGT21, CtUGT23, CtUGT24, CtUGT25, and CtUGT27, whereas the other 6 UGT genes displayed down-regulation (CtUGT1, CtUGT2, CtUGT4, CtUGT11, CtUGT17, and CtUGT26). Microarray data demonstrated that CtUGT3, CtUGT16 and CtUGT25 with close genetic relationship showed different expression models in two safflower lines.
Cloning and sequence analysis of CtUGT genes
To confirm that differential UGT genes were indeed expressed and analyze the relation between gene expression profile and metabolite accumulation in two safflower lines, CtUGT3, CtUGT16 and CtUGT25 genes were chosen for qRT-PCR analysis. The full-length cDNA of CtUGT genes were isolated from safflower and their proteins were given the names CtUGT3, CtUGT16, CtUGT25 (GenBank accession numbers KT947113, KT947114, and KT947116), and the primers are shown in Table 2 . The sequences of PCR products were consistent with the predicted sequence. The 3D structures of three UGT proteins were predicted by SWISS model (beta.swissmodel.expasy.org) (Fig 5) . The nucleotide sequence and the deduced amino acid sequence of three UGTs were predicted (linux1.softberry.com). In WoLF PSORT (advanced computational tool for protein subcellular localization prediction), protein subcellular localization predicted CtUGT3 has 14 nearest neighbors, including 10 cyto, 2 chlo, and 1 nucl. CtUGT16 has 14 nearest neighbors, 11 cyto and 3 E.R.. CtUGT25 has 14 nearest neighbors, containing 12.5 chlo and 7.5 chlo_mito. Signal P4.1 Server predicted three UGTs have no signal peptide (SP). Protscale (http://expasy.org/cgibin/protscale.pl) predicted three UGTs from hydrophobicity based on Kyte-Doolittle. These results indicated that the three UGTs may not take part in protein transport and act in the catalytic activity of the enzyme in the cell cytoplasm and chloroplast. Temporal expression pattern of CtUGT genes in MeJA-treated C. tinctorius inflorescence
As a well-known exogenous induced factor, MeJA is reported to have taken part in many plant processes, ranging from plant defense to growth and development [36] . MeJA is of particular interest in plant cell engineering for producing bioactive compounds [37, 38] . Therefore, MeJA plays a critical regulatory role in the biosynthesis of various active secondary metabolites. To investigate how the flavonoid biosynthetic pathways respond to MeJA, the expression pattern of the relative genes was detected in MeJA-treated C.tinctorius inflorescence.
The expression pattern of CtUGTs was investigated by extracting total RNA from inflorescence. Real-time PCR primers were designed in Table 2 . As shown in Fig 6, CtUGT transcript levels were examined and varied. The highest expression level was observed at oh treatment generally. These suggested that three UGTs were all suppressed in response to MeJA-induction. In two safflower lines, we found that CtUGT3 (0.2457 and 0.2868; Fig 6A and 6B ) descended more in yellow line over MeJA treatment time compared to white line. CtUGT16 (0.5660 and 0.6018; Fig 6C and 6D) and CtUGT25 (0.4360 and 0.5315; Fig 6E and 6F) were inhibited obviously at 3 and 6h in white line. Expression analysis in petals during flower development indicated that CtUGT3 may take part in glycosylation in yellow safflower line easily than in white line, and CtUGT16 and CtUGT25 may tend to regulate flavonoid glycosylation in white line.
Analysis of flavonoid compound accumulation
To discuss the correlation of genes and related metabolites by MeJA-induction, the accumulation pattern of flavonoid compounds has been examined using UPLC-QTOF/MS in our Table 2 . Primer of UGTs.
Gene name
Primer sequence
CtUGT3-F (for full-length) CTTGTCGACTAGTTCCATGAAATCG
CtUGT3-R (for full-length) AAGAGCCCATGGAGGAGAAAGTAG
CtUGT16-F (for full-length) AAGCGGCCGCTTGATGAGATGTTC
CtUGT16-R (for full-length) AATCCATGGCCCATGACTTCTTTCG
CtUGT25-F (for full-length) TCTAGCCATGGCTTCCCTCACCTCATT
CtUGT25-R (for full-length) ATAGGATTCTTCGATTCTTAGGAGGTGTA
CtUGT3-F (for qRT-PCR) CCAAGAGACCATCAGACAA
CtUGT3-R (for qRT-PCR) GGCACAGTTCCAATACCA
CtUGT16-F (for qRT-PCR) GGAAGAGGAGTATGATGA
CtUGT16-R (for qRT-PCR) AATGGCAGTTGAGATTAC
CtUGT25-F (for qRT-PCR) CTACACCAACCTCAATCG
CtUGT25-R (for qRT-PCR) AGTCACATCCACATTCAAG doi:10.1371/journal.pone.0158159.t002 Expression of 3 UGT Genes Revealed Their Functions of Flavonol Glycosyltransferases in Safflower laboratory. Using MASS Hunter workstation, we extracted and searched for target components after MeJA treatment for 3, 6 and 12 h compared to control (S3 Table) . 12 flavonoid compounds were detected by our team, including rutin, HSYA, kaempferol Table) . 
Co-expression analysis of expression pattern and metabolite accumulation
The co-expression analysis of "gene-metabolites" is displayed in Fig 6. Results indicated that CtUGT3 and CtUGT25 were positively related to kaempferol-3-O-β-D-glucoside and CtUGT16 was positively related to quercetin-3-O-β-D-glucoside in yellow line, whereas CtUGT3 and CtUGT25 were positively related to quercetin-3-O-β-D-glucoside in white line (Table 3 ). This suggests that CtUGT3 and CtUGT25 may take part in regulating flavonol-3-Oglucoside biosynthesis in two line, whereas CtUGT16 regulats flavonol-3-O-glucoside biosynthesis in yellow line. Meanwhile, we found that three CtUGT genes are irrelevant to chalcone glycosides biosynthesis in two safflower lines. Our results indicated that the three CtUGTs are the potential flavonol glycosyltransferases presenting different functional characterization of flavonoid biosynthesis in two safflower lines.
Discussion
Plant transcriptome sequences appear in increasing numbers, such as in maize [39] , Triticum aestivum L. [40] , Cassia angustifolia Vahl [41] and Piper nigrum [42] . Due to the desire for a deep understanding of the key genes of active metabolite biosynthetic processes, the complete transcriptome of C.tinctorius was sequenced and analyzed in our lab. Considering the significance of UGT in the biosynthesis of plant secondary metabolites [43, 44] , 45 CtUGT unigenes were identified and characterized by BLASTn and BLASTx in Nr database from our transcriptomic database in safflower florets. The phylogenetic tree showed that CtUGT3 and CtUGT16 were classified under the UGT71 subfamily involved in metabolite process, whereas CtUGT25 has high identities with PoUGT (GenBank accession number ACB56926.1 from P. officinarum) both catalyzing the glycosylation of flavonoids and belonging to the UGT90 subfamily. Given the high identities to the reported flavonoid UGTs in multiple sequence alignment, the three CtUGT genes can be assigned as a flavonoid glycosyltransferases in C.tinctorius. Supporting Information S1 
